Abstract Using diffusion tensor tractography, we quantified the microstructural changes in the association, projection, and commissural compact white matter pathways of the human brain over the lifespan in a cohort of healthy right-handed children and adults aged 6-68 years. In both males and females, the diffusion tensor radial diffusivity of the bilateral arcuate fasciculus, inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, uncinate fasciculus, corticospinal, somatosensory tracts, and the corpus callosum followed a U-curve with advancing age; fractional anisotropy in the same pathways followed an inverted U-curve. Our study provides useful baseline data for the interpretation of data collected from patients.
Introduction
The noninvasive mapping and quantification of human brain white matter micro-and macro-structural changes remain challenging endeavors in both health and disease (Crick and Jones 1993; Filley 2001) . The availability of normative quantitative baseline data would help advance our knowledge about brain-behavior relations. These data would also facilitate clinical interpretation of changes in brain structure during transitional stages from childhood to adulthood to senescence when the brain is at high risk of developing age-related pathologies (Yakovlev and Lecours 1967; Caviness et al. 1996; Paus et al. 1999; Courchesne et al. 2000; Filley 2001; Sowell et al. 2003; Charlton et al. 2006; Jernigan and Fennema-Notestine 2004; Lenroot and Giedd 2006) . Magnetic resonance imaging (MRI) of water molecular motional degrees of freedom such as rotation, vibration, and random translation have been utilized in the past 2 decades to identify milestones of human white and gray matter development (Paus et al. 1999; Courchesne et al. 2000; Sowell et al. 2003; Le Bihan 2003) . MRI tissue contrast has offered compartmental volumes utilized to shed light into issues such as effects of hemispheric lateralization, sex, and age as well as their interaction with pathology, training, and environment. There is minimal noninvasive literature characterizing white matter morphological and morphometric changes across the entire human lifespan (Allen et al. 1991; Pujol et al. 1993; Courchesne et al. 2000; Sowell et al. 2003; Walhovd et al. 2005) .
Diffusion tensor imaging (DTI) provides metrics that have been used to map the architecture of deep central nervous system tissue connectivity in vivo (Basser 1997; Le Bihan 2003; Behrens et al. 2003) . DTI scalar metrics such as fractional anisotropy (FA) can be related to the ratio of diffusivity along relative to that perpendicular to compact fibers (Hasan and Narayana 2006) . In general, hindrances to water molecular diffusion between axons have been associated with the degree of myelination (Beaulieu 2002; Song et al. 2005) .
DTI-derived metrics have been used in hundreds of publications to provide surrogate markers of development McKinstry 2006), aging (Gong et al. 2009; Zahr et al. 2009 ) and pathology (Ewing-Cobbs et al. 2008 ). Due to rapidly changing acquisition and analysis methods, the quantitative results of several DTI studies conducted in small populations with different age groups seem contradictory even on well-organized and coherent white matter structures such as the posterior limb of internal capsule (pLIC) and corpus callosum (CC). Studying the effects of age, sex, and lateralization on tissue integrity remains challenging, and may require large populations to accommodate sampling and individual variability (Hasan et al. 2009a, b; Lebel et al. 2008; Stadlbauer et al. 2008; Sullivan et al. 2009; Zahr et al. 2009 ). For example, using healthy controls and a region-of-interest (ROI) methodology, Snook et al. (2005) showed that FA (pLIC) increases significantly with age in a cohort 5-27 years with no sex or lateralization effects. Abe et al. (2000) reported that the FA (pLIC) was age, sex, and hemisphere independent. In contrast, Salat et al. (2005) and Ardekani et al. (2007) showed slight lateralization effects FA (pLIC Left [ pLIC Right) with a steady age decrease from young adulthood to middle age. Using voxel-based analysis (VBA), Park et al. (2004) reported significant lateralization of FA in the adult pLIC (Right [ Left). Chepuri et al. (2002) reported that the regional corpus callosum diffusion anisotropy was heterogeneous and showed neither gender nor age effects, whereas other investigators reported that the genu CC anisotropy decreased with age while the splenium CC anisotropy did not alter with age (Abe et al. 2000; Salat et al. 2005) . Recent quantitative work on the CC using diffusion tensor fiber tracking (DT-FT) (Ota et al. 2006; Sullivan et al. 2006) showed that diffusion anisotropy decreased more rapidly with age in the anterior callosal fibers than in the posterior fibers in both men and women.
To the best of our knowledge, there are no quantitative lifespan studies that examined the effects of age, gender, and lateralization using multiple DTI metrics of the association (Makris et al. 1997; Mori et al. 2002; Catani et al. 2002 Catani et al. , 2005 , projection (Berman et al. 2005) , and commissural pathways (Xu et al. 2002) in both children (Eluvathingal et al. 2007) , adolescents (Lebel et al. 2008) , young and older adults (Hasan et al. 2009a, b; Stadlbauer et al. 2008; Sullivan et al. 2009 ). There seems to be a scant amount of DTI literature on the aging of the association pathways such as the arcuate fasciculus and uncinate fasciculus (Hasan et al. 2009b) in adults. The importance of age as a major confounding factor has been pointed out by Jones et al. (2006) and Head et al. (2004) in the context of interpretation of DTI data collected from adult schizophrenia and older dementia patients, respectively.
In this work, we present the results of quantitative DTI fiber tractography measurements of the human brain pathways in a large cohort of developing right-handed children (age-matched boys and girls), and young and older adults (age-matched men and women). We hypothesized that nonlinear curves would best represent age-related changes in the compact white matter fiber tracts. We also examined whether anisotropy and/or radial diffusivity varied according to sex and cerebral hemisphere.
Materials and methods

Participants
The participants included a cohort of 119 healthy righthanded children and adults recruited in the past 3 years for different studies at our institution to provide a quantitative baseline for the interpretation of patient data. The participants included 42 developing children and adolescents (22 boys: age range = 6.9-16.7; mean ± SD = 11.7 ± 3.2 years; 20 girls: age range = 6.9-18.7; mean ± SD = 10.3 ± 2.9 years), in addition to 77 young/middle age/ older men and women (32 men: age range = 19-68.3, mean ± SD = 36.7 ± 13.5 and 45 women: age range = 20.3-67, mean ± SD = 38 ± 13.5). In the whole sample, there were no mean age differences between the 54 males (age mean ± SD = 26.5 ± 16.2) and 65 females (age mean ± SD = 29.5 ± 17.2) (p = 0.34). The demographic and inclusion details for each tract studied are provided in the Supplementary Methods.
Healthy adults were recruited from the local community to help in the interpretation of brain MRI quantitative data collected from patients (Ewing-Cobbs et al. 2008; Hasan et al. 2009d ). All adults were screened using a questionnaire for history of head trauma, brain surgery, chronic illness, alcohol and/or drug abuse, neurological illness, and for current pregnancy. Healthy children were recruited as detailed elsewhere (EwingCobbs et al. 2008) . Children included satisfied three criteria (1) no known premorbid neurologic or metabolic disorder, (2) no history of prior traumatic brain injury, and (3) gestational age [30 weeks. All MRI structural scans were read as ''normal'' by a board certified radiologist (LAK).
Written informed consent was obtained from the adults and guardians of children and adolescents; assent was also obtained from the children/adolescents participating in these studies per the University of Texas Health Science Center at Houston institutional review board regulations for the protection of human research subjects.
MRI and DTI data acquisition, processing and quality control The data were collected from all participants using a 3T Philips Intera scanner (Philips Medical Systems, Best, The Netherlands), equipped with parallel imaging technology. Additional details on the DTI data analysis are provided elsewhere (Hasan et al. 2009a, b) .
Diffusion-weighted data acquisition
The diffusion-weighted image (DWI) data were acquired using a single-shot spin echo diffusion sensitized echoplanar imaging (EPI) sequence with the balanced Icosa21 encoding scheme (Hasan and Narayana 2003) , a diffusion sensitization of b = 1,000 s mm -2 , repetition time T R = 6.1 s, and echo time T E = 84. The slice thickness was 3 mm with 44 axial slices covering the entire brain (foramen magnum to vertex), a square field-of-view = 240 9 240 mm 2 , and an image matrix of 256 9 256 (Eluvathingal et al. 2007 ). The total DWI acquisition time was approximately 7 min and resulted in accurate and reproducible DTI metric estimation (Conturo et al. 1995; Pierpaoli et al. 1996; Eluvathingal et al. 2007 ). Scanner temporal stability and DTI quality control over the span of data acquisition were assured using same subject and water phantom tests as detailed elsewhere (Hasan 2007) .
DTI data processing
The DWI data were intra-registered to the baseline ''b 0 '' images (without diffusion weighting) to correct for the eddy-current image distortions in each of the 21 diffusion-weighted volumes using a mutual information approach (Netsch and van Muiswinkel 2004) . The diffusion-weighed data were decoded to obtain the diffusion tensors (Le Bihan 1995). The diffusion tensors are then diagonalized to provide the tensor eigenvectors and eigenvalues (Johansen-Berg and Behrens 2009; Le Bihan 1995; Mori 2007) .
DTI metrics
The DTI-derived metrics used are the radial (k t ) and the axial (k || = k 1 ) diffusivities. The radial diffusivity was defined as the mean of the medium (k 2 ), and minor (k 3 ) eigenvalues (k t = k \ = (k 2 ? k 3 )/2). The fractional anisotropy (FA) is computed using the eigenvalues according to Eq. 1:
The radial and axial diffusivities (k \ and k || ) have been shown in animal models of human disease to provide a more specific interpretation of DTI results than provided by FA and the mean diffusivity ).
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Diffusion tensor imaging fiber tracking
Compact WM fiber tracking of association, projection and commissural pathways (Aralasmak et al. 2006; Huang et al. 2005; Wakana et al. 2004 ) was performed using DTI Studio software (H. Jiang and S. Mori; Johns Hopkins University, Baltimore, MD, USA; http://www.cmrm. med.jhmi.edu) based on Fiber Assignment by Continuous Tracking algorithm Jiang et al. 2006) . The association pathways were studied bilaterally (see Fig. 1 ) and included the arcuate fasciculus (AF) (Catani et al. 2002 (Catani et al. , 2005 Nucifora et al. 2005; Powell et al. 2006; Eluvathingal et al. 2007 ). The arcuate fasciculus was divided into three segments: frontotemporal-AFT, frontoparietal-AFP, temporopareital-ATP, as described elsewhere (Eluvathingal et al. 2007 ). The association pathways also included the inferior longitudinal fasciculus (ILF), inferior fronto-occipital fasciculus (IFOF), and uncinate fasciculus (UF) (Rodrigo et al. 2007; Hasan et al. 2009b ).
The projection pathways included bilateral corticospinal (CST) and somatosensory (SS) pathways (Berman et al. 2005; Dubois et al. 2006; Eluvathingal et al. 2007 ) (see Fig. 1 ). For the commissural pathways we adapted the Witelson-Aboitiz approach, to divide the corpus callosum (CC) into eight functionally specialized sectors that connect the homologous areas of frontal, temporal, orbital, parietal and occipital cortices (de Lacoste et al. 1985; Aboitiz et al. 1992; Hasan et al. 2009a) . A total of 24 pathways (16 intrahemispheric, 8 commissural) were quantified. These pathways are specialized in interhemispheric cognitive and motor functions, speech and language (AF), motor (CST), and somatosensory functions (SS). Brute force tractography and multiple ROI technique were utilized to trace the white matter pathway of interest (Conturo et al. 1999) . The association and projection pathways included in the present study were traced based on established fiber tracking methods detailed elsewhere (Eluvathingal et al. 2007; Hasan et al. 2009b ). Additional Fig. 1 Illustration of the association, projection (upper panel) and commissural pathways (lower panel) quantified in this study details on the commissural pathways are provided in the Supplementary Methods (see also Hasan et al. 2009a ).
Statistical analysis DTI metrics were analyzed using generalized linear models with effects age and sex as between-subjects variables. Given previous reports (Allen et al. 1991; Courchesne et al. 2000; Sowell et al. 2003; Hasan et al. 2007 Hasan et al. , 2009a Lebel et al. 2008; McLaughlin et al. 2007 ), both linear and quadratic (nonlinear) age terms were included. The DTI metrics (e.g., FA, radial diffusivity) were modeled as y = b 0 ? b 1 9 age ? b 2 9 age 2 , then the general leastsquares methods were used to compute the coefficients, standard errors, and their statistical significance upon comparing males and females. Interactions of sex with age (both terms) were examined, and trimmed where non-significant. If the quadratic age term was not significant, age and sex interactions were examined without this term, and trimmed if non-significant. The age at peak and its standard deviation were computed (Glantz 2002) assuming significant linear and quadratic terms using Eq 2:
Hemispheric diffusion asymmetry (Peled et al. 1998) [i.e., FA (Right) vs. FA (Left)] of the association and projection tracts was examined for children, adults, and by gender (boys and men; girls and women) using paired t tests. Significant main effects for age were followed up with paired comparisons controlling for multiple comparisons to hold the alpha level at 0.05. All statistical analyses were conducted using SAS 9.1 (SAS Institute Inc, NC) and MATLAB R12.1 Statistical Toolbox v 3.0 (The Mathworks Inc, Natick, MA, USA).
Results
Tables 1 and 2, and the corresponding Figs. 2a-d and 3a-d summarize the quadratic least-squares fitted FA and radial diffusivity results as function of age for (a) the three right and left arcuate fasciculus segments (ATP, AFP and AFT) (b) the bilateral ILF, IFO, and UF (c) the bilateral corticospinal and somatosensory pathways, and (d) the commissural pathways (CC1-CC8) (see also Supplementary Results for the corresponding axial diffusivity (k || ) tabulated values and plots). The best fit parameters, their corresponding standard deviations (b ± r(b)), and statistical significance (p) are listed along with the age at peak as described in the ''Methods''. The age statistics and population numbers used for each tract is detailed in the Supplementry Methods.
Microstructural DTI heterogeneity of white matter pathways
In general, all tracts exhibit unique diffusivities and FA values. The corpus callosum most posterior sector tracts (CC8) exhibited the largest FA (Fig. 2) . The left corticospinal tract has the second largest FA attributable mostly to low average values of radial diffusivity (Fig. 3) . It is noted that amongst all association pathways studied, the frontotemporal segment of the arcuate fasciculus (AFT) has the lowest radial diffusivity at all ages.
Age effects
Note the unique spatial heterogeneity and temporal variation of all the measured white matter tracts, which reflect the microstructural development and functional specialization subserved by these tracts (Zahr et al. 2009 ). Fractional anisotropy followed an inverted U-curve (Table 1, Fig. 2 ), whereas the radial diffusivity followed a quadratic or U-curve for all pathways in both males and females (Table 2, Fig. 3 ).
Sex effects
In general, there were minimal and non-significant sex effects on the DTI-derived metrics in all tracts studies. The ILF is the only tract that exhibited significant (p \ 0.05) sex-by-hemispheres effects (e.g. Left [ Right and Males [ Females; see Supplementary Results for details).
Asymmetry and lateralization effects
Hemispheric lateralization effects were examined for children and adults in the association and projection pathways by comparing FA mean values in the bilateral fiber tracts. The FA index has been used to assess tract lateralization in our previous study in right-handed children and adolescents (Eluvathingal et al. 2007) as well as almost all DTI studies that reported lateralization. Fractional anisotropy values for the divisions of the arcuate, showed significant R [ L asymmetry in the child group only for the frontoparietal segment (AFP). Adults had R [ L for both the ATP and AFP segments. Regarding the other association pathways, only the uncinate fasciculus showed asymmetry in children, with L [ R. In adults, FA was significantly greater on the right for the ILF and on the left for the UF. For projection pathways, FA of the CST and SS was similar across hemispheres for children. For adults, FA was greater in the left than right CST; values were similar in the SS (see Supplementary Results for details).
Discussion
In this report, we used noninvasive DTI fiber tracking methods to map the white matter bundles (Wakana et al. 2004 ) across the human lifespan (Hasan et al. , 2009a . In animal models using histology and neurophysiological measurements, scalar metrics such as the radial diffusivity have correlated with myelination (Beaulieu 2002; Drobyshevsky et al. 2005; Song et al. 2005) . Our previous DTI study in children (Eluvathingal et al. 2007 ) as well as several others (see Hasan et al. 2009a, bfor review) has shown the utility and sensitivity of the radial diffusivity in following the developmental aspects of white matter tracts.
Fiber tract DTI heterogeneity
Our results on the FA heterogeneity of the association, projection, and commissural pathways are consistent with previous voxel-based morphometric MRI (Paus et al. 1999) , histological (Highley et al. 1999 (Highley et al. , 2002 Aboitiz et al. 1992; LaMantia and Rakic 1990; Terao et al. 1994) , and recent DTI studies that show regional variation in white matter and fiber microstructure (Park et al. 2004; Partridge et al. 2004; Vernooij et al. 2007; Hasan et al. 2009a, b; Hermoye et al. 2006 ). Lower radial diffusivity may reflect higher myelin thickness which may be associated with large myelinated axons that require fast conduction like the CST (see Table 2 ; Fig. 3 ). Large caliber and myelinated fibers have been documented to populate the middle and posterior sectors of the corpus callosum (e.g. CC4, CC8) (LaMantia and Rakic 1990; Aboitiz et al. 1992) . These fibers facilitate a high level of synchrony between the two hemispheres and support interhemispheric signal communication for motor, auditory, and visual tasks (Aboitiz et al. 1992) . Less myelinated or small caliber fibers commonly found in the frontal lobe (e.g. CC1) (Bartzokis et al. 2001) and in sensory pathways (Filley 2001) would be expected to have larger radial diffusivity as water molecules encounter fewer obstacles to diffusion. Our quantitative data (Figs. 2,  3 and Tables 1, 2) are consistent with this general qualitative assessment (i.e., FA (CST) [ FA (SS)). 
Age effects
Several studies including our previous work in children (Eluvathingal et al. 2007 ) have used linear age curves to characterize the developmental trends observed in normally developing children. Our current work shows that upon including younger and older adults, nonlinear trends are more appropriate to account for the age-related variability for ages 6-68 years. Nonlinear curves have been previously used to model the variation of lobar cortical or white matter volume with advancing age (Courchesne et al. 2000; Bartzokis et al. 2001; Sowell et al. 2003) . A few lifespan studies have also shown the age trajectories of gray matter nuclei (Walhovd et al. 2005 ) and the midsagittal corpus callosum area (Allen et al. 1991; Pujol et al. 1993) . Our study provides microstructural correlates of such macroscopic changes in white matter volume or area as a result of neuronal, dendrite or axonal loss, demyelination and Wallerian degeneration (Masliah et al. 1993; Pakkenberg and Gundersen 1997; Sowell et al. 2003; Bartzokis et al. 2007 ). In general, most compact white matter tracts attained radial diffusivity minimum in the third to fourth decade for both males and females, reflecting continued ''progressive'' myelination post-adolescence Age at peak NA not available as any of the linear or quadratic terms was not significant * p \ 0.0001
Brain Struct Funct (2010) 214:361-373 367 (Yakovlev and LeCours 1967; Bartzokis et al. 2001; Courchesne et al. 2000; Sowell et al. 2003) with declines in subsequent decades associated with ''regressive and degenerative'' natural aging. Our study consolidates several independent DTI publications on the association, projection and commissural pathways in children, young (Eluvathingal et al. 2007; Lebel et al. 2008 ) and older adults (Hasan et al. 2009a, b) . In particular, the significant nonlinear age trajectories (Figs. 2, 3 ) reconcile the published trends on the CST (Snook et al. 2005; Westerhausen et al. 2007 ) and CC (Ota et al. 2006; McLaughlin et al. 2007 ). It can be inferred that the posterior section (splenium) of the corpus callosum undergoes an increase in diffusion anisotropy starting in utero (Bui et al. 2006 ) which was also observed in neonates (Dubois et al. 2006) and in children and adolescents (Mukherjee et al. 2002; Snook et al. 2005) . The trend in young adults shows a plateau and then a slow decline with age as shown by studies in young (Snook et al. 2005) , old (Sullivan et al. 2006; Ota et al. 2006 ) and aging adults (Head et al. 2004) .
Our study is the first to provide nonlinear age trajectories across the lifespan of the arcuate fasciculus and CST tracts which are the two most-studied tracts. Previous studies using voxel-based MRI methods (Paus et al. 1999) in children and adolescents showed a steady increase in white matter density; our study shows age-related impairment of the microstructural integrity of these tracts as measured by FA and the radial diffusivity.
Sex effects
We found minimal effects of sex on all tracts studied. In particular, the CC regional FA and radial diffusivity were Fig. 2 A plot of least-squares fit of the fractional anisotropy versus age of the 24 fiber tracts studied (see Table 1 for the corresponding fit parameters). a Arcuate fasciculus; b ILF, IFOF, and UF; c CST and SS; and d CC not sex-dependent. Our results are consistent with several DTI publications that did not report sex-differences (Chepuri et al. 2002; Abe et al. 2000; Hasan et al. 2009a; Lebel et al. 2008; Ota et al. 2006 ). There are a few studies that reported significant FA (men) [ FA (women) (Shin et al. 2005; Westerhausen et al. 2004 ) for all sectors of the midsagittal corpus callosum, while one study reported a leftward frontal asymmetry in women and FA (women) [ FA (men) (Szeszko et al. 2003) . Due to methodological and population-related issues, we could not comment on the main reasons for such discrepancies.
The present study gives a microstructural basis for the earlier volumetry reports of sex-independent regional white matter reduction with aging that follow an inverted U-curve (Courchesne et al. 2000; Allen et al. 1991) . Continued loss of myelin and impaired remyelination can contribute to the accumulated volume loss ). Possible subtle sex-based differences may as well be dependent on several factors including genetic, hormonal activity, and accumulated free radicals such as iron ).
Asymmetry and hemispheric lateralization effects
In our studies FA (Right AFP) was found significantly greater than FA (Left AFP) at all ages for both males and females. The ATP segment of the arcuate showed rightward asymmetry trend in adults only, while the AFT segment did not show asymmetry using FA in both children and adults. Previous conventional MRI studies (Paus et al. 1999) and several DTI studies (Nucifora et al. 2005; Powell et al. 2006; Vernooij et al. 2007 ) have reported sex-independent leftward asymmetry in right-handed adults (Vernooij et al. 2007 ). Only one study (Park et al. 2004 ) Fig. 3 A plot of least-squares fit of the radial diffusivity versus age of the 24 fiber tracts studied (see Table 2 reported rightward asymmetry in the superior and straight segment of the arcuate as reported in the current study. The FA in the Left UF was found slightly larger than the Right UF; this is consistent with recent reports in children (Eluvathingal et al. 2007 ) and adults (Hasan et al. 2009b) . Previous studies on the UF (see more details in Hasan et al. 2009b ) showed a leftward FA asymmetry trend (Kubicki et al. 2002) using an ROI approach, while Park et al. (2004) showed that the superior section of the UF is leftward asymmetric and the inferior is rightward asymmetric. A recent DTI study by Rodrigo et al. (2007) showed a rightward asymmetry as has also been reported in older adults by Highley et al. (1999) , while Taoka et al. (2006) reported diffusion anisotropy symmetry in the UF.
In this study, we report a leftward sex-independent FA asymmetry or FA (Left CST) [ FA (Right CST) in adults and FA (Left) * FA (Right) in children. The CST asymmetry is controversial in published DTI literature. For example, Nucifora et al. (2005) and Ciccarelli et al. (2003) did not report asymmetry. Region-of-interest DTI studies on the posterior limb of the internal capsule show further discrepancies. There are reports of FA no asymmetry in adults (Abe et al. 2000) and in children (Snook et al. 2005 ), a rightward asymmetry (Park et al. 2004 ) and leftward asymmetry in adults Ardekani et al. 2007 ).
Age, sex and diffusion asymmetry interactions
The SS exhibited some sex-by-hemisphere interactions in women only (FA (Left [ Right) , p = 0.02; see Fig. 2 ). The ILF FA asymmetry (Right [ Left) was stronger in men (p \ 0.0001) than in women (p = 0.01). The published data on the aging, sex and asymmetry of the ILF in adults is scant. A rightward FA asymmetry (Right [ Left) of the ILF observed in this study in both men and women has been reported previously in healthy men (Park et al. 2004) .
The interpretation of the meaning of regional lateralization, age, and sex interactions using DTI should be approached with caution in view of limited preliminary DTI reports and rapidly improving methods (Szeszko et al. 2003; Westerhausen et al. 2004; Shin et al. 2005) . The traditional structural hemispheric lateralization concept is based on gray matter lobar volumes or weights as assessed in postmortem studies. White matter fiber tracks (e.g., uncinate fasciculus) may traverse different lobes and hence their DTI-based microstructural asymmetry may be regiondependent, and hence DTI-regional asymmetry does not necessarily relate to the gross anatomical or volume cerebral asymmetry (Good et al. 2001; Allen et al. 2003; Luders et al. 2006; Westerhausen et al. 2007; Vernooij et al. 2007 ).
Sex-based DTI asymmetries should also be interpreted with caution as DTI measures reflect regional neuronal and axonal organization which could be dependent on several variables including function and hormonal activity. It has been proposed by Allen et al. (2003) that axonal geometry may not be ''sexually dimorphic'' and hence DTI measurements at the current levels of signal-to-noise ratio and spatial resolution may reflect an insensitive measure to sexrelated variations.
In general, white matter visible on MRI is composed of packed axons with function-space dependent myelin and caliber distribution. White matter also contains glial cells (e.g., oligodendrocytes and astrocytes), and blood vessels (Filley 2001) . A comprehensive interpretation of in vivo DTI measurements in terms of all possible signal contributors has not been presented yet (Beaulieu 2002; Pierpaoli et al. 1996) and the only clues have been provided by combined DTI and histology measurements using animal studies on structures such as the corpus callosum and spinal cord Schwartz et al. 2005) . Also, to the best of our knowledge there have been no lifespan postmortem histological cross-sectional studies in humans even on structures such as the corpus callosum, uncinate fasciculus, and corticospinal tracts which are known to be extremely heterogeneous from a few and limited postmortem studies on the adult corpus callosum (Aboitiz et al. 1992; Highley et al. 1999) , uncinate fasciculus (Highley et al. 1999 ) and corticospinal tract (Terao et al. 1994 ).
Limitations, future plans and conclusion Our study underscores the importance of using nonlinear age models when analyzing DTI data in children and adults. The DTI acquisition protocol was maintained for *3 years and was subjected to extensive quality control measures. Although our study may be one of the largest DTI cross-sectional studies to-date on right-handed males and females aged 6-68 years, we should also point out that a longitudinal quantitative DTI study will be more challenging to design as DTI technology and protocols advance rapidly. Our database is being extended using a larger control pediatric and adult populations that will help us further investigate important topics such as remyelination (Peters and Sethares 2003; Bartzokis et al. 2007) , and the interplay between complex issues such as sex, handedness, and function. A future extension of the current studies will consider the spatiotemporal dynamics of cortical and gray matter (Hasan et al. 2009c; Makris and Pandya 2009 ) that accompanies the progressive and regressive changes in white matter connectivity.
In conclusion, we demonstrated that the diffusion tensor derived metrics such as FA and radial diffusivity can detect changes in the microstructural organization of the human brain white matter pathways across the human lifespan. Age-related DTI changes follow nonlinear curves and may provide noninvasive surrogate markers for changes in human behavior and cognition (Zahr et al. 2009 ) in health and disease.
